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Abstract 
The control of urban road networks by means of traffic signals has been an area of intensive research for decades. 
Several models, algorithms and tools have been developed and implemented to support the management and design 
of urban networks. Nevertheless, researchers are still working in this field proposing new methods to improve 
mobility on urban networks in saturated (ordinary and emergency) traffic conditions. According to the recent 
literature, the global traffic conditions of an urban road network in ordinary conditions may be measured with good 
approximation by an asymmetric inverse-U shaped diagram called Network Fundamental Diagram (NFD). More 
specifically, the NFD puts in relation the number of vehicles present in the network with the (link-length weighted) 
total network traffic flow, in accordance with the fundamental diagram used for motorway links. 
As a case study, the methodology is applied to the urban network of Melito Porto Salvo (Italy), where a forthcoming 
disaster is simulated during the morning rush hour of a working day in accordance with the emergency plan drawn 
up by the Civil Protection Department. The evacuation phases of population from the area with motorized modes, 
are simulated by means of a dynamic assignment model, previously calibrated and validated. The NFD is compared 
with the objective function of an optimized network design approach. 
The objective of the paper is to verify if a global indicator, as it is the Network Fundamental Diagram, could be able 
to reflect the evolution of traffic conditions and to estimate the effects of control decisions of urban road networks 
(e.g. by means of traffic signals) during an evacuation phase, as the one described in the application. 
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1. Introduction 
Urban traffic congestion mainly derives from the waiting time at the junctions. The signal setting design at the 
junctions allows reducing disutility (delay) of road users. The signal setting design is also applied for system 
control. It could be applied for reducing traffic instability and urban congestion.  
These aspects are relevant in ordinary conditions and they can be also considered in emergency conditions in the 
presence of an exogenous event that could be dangerous for users and population. In emergency conditions, two 
segments of travel demand coexist the transport system: users travelling according to the ordinary system evolution 
(ordinary demand) and users that have to be evacuated to reach a safe area due to an approaching calamitous event 
(evacuation demand). In this case, the design of the transport system is necessary for minimize the evacuation time 
and reduce the risk for users and population. Traffic congestion, system dynamics and user behavior are constraints 
of the design problem. 
A large number of papers dealing with signal setting in urban area are present in literature, starting from the 
paper of Webster (1958) on an isolated junction. Considering interacting junctions, Robertson (1969) proposed a 
model with fixed route choice (or turning percentages) and dynamic system. Signal setting models with elastic route 
choice in static context were proposed by Allsop (1974) and Gartener (1976). Signal setting models with elastic 
route choice in dynamic context were proposed for day to day variation (Horowitz, 1984; Cantarella and Cascetta, 
1995) and within-day variation (see for a general overview Peeta and Ziliaskopoulos, 2001; Di Gangi et al., 2003; 
TRB, 2010). Signal setting with day-to-day dynamic assignment and stability constraints was proposed in Cantarella 
(2009). 
Another line of research (see Gartner and Wagner, 2004; Geroliminis and Daganzo, 2008; Helbing, 2009) asserts 
that the global traffic conditions of an urban road network in ordinary conditions may be measured by an 
asymmetric inverse-U shaped diagram, called Network Fundamental Diagram (NFD). More specifically, the NFD 
puts in relation the number of vehicles present in the network with the (link-length weighted) total network traffic 
flow, in accordance with the fundamental diagram used for motorway links (see Keyvan-Ekbatani et al., 2012a; 
2012b; 2013). 
The paper presents a signal setting model with the use of the NFD. The reserch contribution respect to the state of 
the art concerns: 
x a general specification of a signal setting design model with the use of NFD approach, which may be extended 
for emergency condition; 
x the preliminary results of application of NFD approach for signal setting design:  
o in emergency conditions; 
o with peak demand; 
o in presence of changes of network topology. 
A preliminary system of models (section 2) is proposed on the base of the classical formulation for the network 
design of Magnanti and Wong (1984). It allows using the solution procedure developed in these years for the 
network design. The solution procedure has been validated by means of observations obtained during a real 
evacuation performed in experimental test site (section 3). The first results seems to demonstrate the quality of the 
approch and the importance to lie in the stability area of the NFD. This in order to allow evacuation be as fast as 
possible (minimize evacuation time). Some conclusions and further developemts are reported in section 4. 
2. Model 
A general method for network design problem (Magnanti and Wong, 1984) can be defined as constrained 
optimization problem: 
(f*, y*) = arg min(f, y) )(f, y) (1) 
subject to 
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f  Sf (2) 
y  Sy (3) 
)(f, y)  S) (4) 
f = \(f, y) (5) 
The system is defined by means of two state vectors: f, vector of link flows and y, vector of design variables.  
Vector f provides the number of vehicles that cross a predefined link section in a defined time slice. It changes 
from a link to another link. It could be assumed constant in all the sections of a specific link (stationary approach) or 
it could be assumed variable among the sections of a link (non-stationary approach). From the link flow vector, in 
relation to the links characteristics and for a defined value of the design variables y, it is possible to estimate the link 
performances and impacts to be considered in the objective function. 
Vector y of design variables defines the configuration of the supply variables that can be changed in the design 
procedures. In this specific case, vector y defines all signal setting parameters in the controlled junctions. 
The problem (1) is defined as the minimization (min(f, y)) of an objective function )(f, y), respect to the variables 
f and y. The objective function depends on the flows and on the design variables and it can be a scalar function 
(mono-criterion approach) or a vector of functions (multi-criteria approach). In literature the objective function is 
very often considered equal to the total travel time on the network or to the maximum saturation (maximum ratio 
between flow and capacity in all the links), inside the mono-criterion approach. Other methods could be introduced. 
The optimization problem (1) provides the optimal values of the flows vector, f*, and of the design vector, y*. 
The problem is subject to three classes of constraints: 
x vector f must belong to the feasible set Sf (eq. 2); this constraint ensures the continuity of flow at the junctions 
and at the origin-destination nodes (linear constraints); 
x vector y must to belong to the feasible set Sy (eq. 3); the design variables must be consistent with technical 
constraints connected with the infrastructural characteristics and the network topology; in the specific case of 
signal setting, the constraints concerns green time, maximum and minimum values of green and cycle periods 
(linear constraints); 
x objective function )(f, y) must belong to the feasible set S) (eq. 4); this constraint guarantees that the indicators 
and the impacts are below specific values (non-linear constraints); examples of this constraints are the upper-
bounds on the congestion, travel time, monetary investments, noise, ...; 
x vector f must be equal to the function \(f, y) (eq. 5); this constraint simulates the users’ behavior; in the case of 
static approach with stochastic route choice model in a congested network, \(f, y) is the stochastic network 
loading function.  
2.1. Fundamental diagram approach 
The majority of the consolidated models for signal setting deign can be formulated as eq. (1), ranging from the 
simplest case of single junction (i. e. Webster, 1958; SIGCAP, SIGSET, Allsop, 1971, 1974) to the general case of 
network optimization of interacting junctions in equilibrium or dynamic conditions (Horowitz, 1984; Cantarella and 
Cascetta, 1995). 
Heuristic optimization algorithms are generally considered for the model solution in real size systems. Two 
macro-classes of procedures are proposed: global optimization with equilibrium assignment, where the constrained 
gradient optimization techniques with numerically gradient computation is applied; by evolutionary meta-heuristics 
such as genetic algorithms. 
New advancements in signal setting optimization are recently obtained by considering the NFD (see Keyvan-
Ekbatani et al., 2012a; 2012b; 2013). The method starts from the concept of the link fundamental diagram, where 
the dependence between link density and link flow is reported in a defined time slice of analysis (of duration T), not 
explicitly cited in the following.  
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By moving from the link to the (urban) network, the idea is to consider the Average Flow (AF) instead of link 
flow and the Average Density (AD) instead of the link density in a time slice of analysis T, defined as follows:  
AF = 6i fi x li / 6i li = 6i fi x li / L            (vehicles/time) (6) 
AD = 6i ki x li / 6i li= 6i ki x li / L           (vehicles/length) (7) 
with 
i link of the network,  
li, length of link i,  
fi, traffic flow on link i,   
ki, density on link i; 
L = 6i li, total length of the network. 
AF is the product between flow and length ((vehicles/time)xlength) respect to the total length (1/ length) of the 
network. AD is the product between density and length ((vehicles/length)xlength) respect to the total length (1/ 
length) of the network. The average values are weighed respect a variable that does not affect the values of flow and 
density. The link length is a variable having these characteristics. 
The extension of the time slice of analysis has to be consistent with the hypothesis of stationary of the transport 
system. The values of AF and AD have to be evaluated in an interval where it is acceptable to assume that flows do 
not depend on the link section (but it could change from a link to another link) and the densities do not depend on 
the time (but it could change from a link to another link). At the limit these values change from a time to another 
time. It is possible to assume that the extension of the time slice is equal to the common values of the cycle values 
but other values could be assumed. 
The NFD may be also built in terms of two other indicators, Total Travel Distance (TTD) and Total Number of 
Vehicles (TNV), obtained by multiplying the indicators of eqs (5) and (6) for the total length of the network, L: 
TTD = AF x L = 6i fi x li (8) 
TNV = AD x L = 6i ki x li (9) 
As the total length of the network, L, is a fixed value, the indicators of eqs (8) and (9) are equivalent to the ones 
of (6) and (7) by changing the unit of measurement.  
2.2. Network design with fundamental diagram 
The objective function of the signal setting design problems in the mono-criterion approach could be assumed 
equal to the Total Travel Time, TTT, on the system (ti is the travel time on link i, including the congestion effect and 
waiting time in the final node): 
)(f, y) = TTT = 6i fi x ti(f, y) (10) 
Travel time may be defined as the ratio between the length li and the average speed vi(f, y) on link i. Assuming 
that the transport system is in stationary conditions, the fundamental equation holds and TTT is equal to TNV. 
The design problem may be applied by considering the minimization of the TNV indicator (eq. 10) subject to 
constraint (2), (3), (4) and (5). 
A particular case for the constraint (4) is: 
TNV(f, y) d TNV* (11) 
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that ensures that the value of TNV is below the critical value of TNV, TNV*, in order to avoid network instability. 
3. Experimentation 
3.1. The experimental test site and the evacuation 
The signal setting design with the use of NFD have been validated for the specific case of evacuation of 
population from a portion of urban area by means of motorized modes. The evacuation was necessary in order to let 
population reach a safe area due to an approaching calamitous event. In the above context, the transportation system 
moves from ordinary conditions, where travel demand and network performances have fluctuations due to expected 
perturbations not so far from average conditions, to emergency conditions, where both travel demand (e.g. evacuees 
who want to escape and reach safe areas) and network performances and topology (e.g. closure of road links and 
junctions) have relevant modifications due to an approaching calamitous event. 
The experimental test site is the central area of Melito di Porto Salvo, a town in the south of Italy. The 
municipality has an area of 35.30 km2, 10,483 inhabitants and 2,432 employees. 
An incident was simulated in the central area of the town, which concerned a heavy vehicle, which was leaking 
hazardous goods during the morning period of an average working day. As the potential disaster was announced, the 
evacuation took place in the surrounding area, where public offices (town hall, primary school, etc.) and residential 
and commercial activities were located.  
The road transport network was monitored during the evacuation by means of video cameras located along 
selected links and nodes. The application of the signal setting model (see Marcianò et al., 2010, 2013) required the 
previous build-up of a network model and a travel demand model (Vitetta et al., 2007; Russo and Chilà, 2008; 
Marcianò et al., 2012; Musolino and Vitetta, 2013). The latter allowed the estimation of origin-destination matrices 
related to evacuation and to ordinary travel demand.  
The evacuation phases are characterized by five instants (see Figure 1): 
x tES (10:00), instant when Experimentation Starts (ES); 
x t1 (10:14), instant when the occurrence of calamitous event is notified or supposed forecasted; 
x tEPS (10:25), instant when Evacuazion Procedure Starts (EPS); 
x tA (10:35), istant when population starts to evacuate; 
x tP (11:38), istant the calamitous event stops producing effects in the urban area; 
x tEE (11:48), istant when the Experimentation Ends (EE). 
The experimentation lasted 108 minutes. Figure 1 shows instants tA and tP, which are, respectively, the 
departure time of the first evacuee with motorized mode (private car) and the arrival time of the last motorized 
evacuee at the safe area. They are latent during the experimentation, in the sense that they are not directly 
observable, and they are estimated by means of the developed travel demand models (Russo and Chilà, 2007). 
Travel demand is segmented into historical demand and evacuation demand, supply into unmodified supply and 
modified supply. Referring to the above five instants, the transportation system is in emergency conditions between 
t1 and t4. 
The emergency conditions may be subdivided into: 
x pre-evacuation conditions, between t1 and tA, given by historical travel demand and unmodified/modified 
network; 
x evacuation conditions, between tA and tP, given by historical plus evacuation travel demand and 
unmodified/modified network; 
x post-evacuation conditions, between tP and t4, given by historical travel demand and unmodified/modified 
network. 
After the network build-up and travel demand estimation, a network of traffic signals on six selected interacting 
junctions was introduced in order to regulate the vehicles access to the evacuation area and the evacuees exodus 
towards the safe area. Traffic signals, according to the geometry of the junctions, have signal plans with two stages. 
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The system of models and procedures was applied considering two signal-setting scenarios: 
x (current) scenario, where signal setting parameters were defined in order to reproduce the existing priority rules 
at the junctions (that are all not-signalised);  
x optimised scenario, where traffic signals operate with the configuration of signal setting parameters provided as 
output of the signal setting model, yopt. 
 
 
 
 
 
 
 
 
Figure 1: Phases of evacuation during emergency conditions. 
3.2. The estimation of the Network Fundamental Diagram (NFD) 
Different NFDs are estimated by means of simulated data, considering differ combinations of travel demand and 
network configurations according to phases of the evacuation of Figure 1. They are reported in Table 1. 
Table 1: Configurations of the transport system for the estimation of the NFDs. 
Travel demand / Network Un-modified Modified 
Historical X X 
Evacuation  X 
 
As results of the simulations, three configurations of the NFD were obtained. The first configuration of NFD 
concerns the road transport system of the center of Melito Porto Salvo with historical travel demand and modified 
network (time slice between instants tES and tEPS in Figure 1). The NFD is depicted in Figure 2. The maximum value 
of TTD is between 1200 and 1400 (vehicle * km) and the maximum value of TNV is between 800 and 900 
(vehicles).  
The second configuration of NFD concerns the transport system with historical travel demand and modified 
network (time slice between instants tEPS and tA in Figure 2). The changes of the network regards its topology by 
closing the road links inside the area where it was supposed that the approaching disaster could display its effects 
(called evacuation area). The NFD is depicted in Figure 3. The maximum value of TTD is between 800 and 1000 
(vehicle * km) and the maximum of TNV is between 400 and 500 vehicles. We can observe a “shrinkage” of the 
NFD in this configuration of the transport system, compared to the NFD of the previous one. This could be due to 
the closure of the road links belonging to the evacuation area, therefore these links are prohibited to road users 
belonging to historical demand. 
The third configuration of NFD concerns the transport system with historical and evacuation travel demand and 
modified network (time slice between instants tA and tP in Figure 2). The changes of the network are the same as the 
second configuration and people start to evacuate from the area with motorized modes (evacuation demand). The 
NFD is depicted in Figure 4. The maximum value of TTD is between 1000 and 1200 (vehicle * km) and the 
maximum of TNV is between 1000 and 1200 vehicles. We can observe that the NFD is similar to the one of the first 
t (min) 
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unmodified modified unmodified 
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configuration, but with an increment of hysteresis phenomenon. This could be due to the presence of evacuation 
demand, which uses the closed road links belonging to the evacuation area. 
A further tentative to obtain NFD has concerned the transport system with historical and evacuation travel 
demand and modified network in the optimized scenario (time slice between instants tA and tP in Figure 2). In this 
case, the diagram is too much scattered. Further investigations are necessary. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: NFD for historical demand and un-modified network (between tES and tEPS in Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: NFD for historical demand and modified network (between tEPS and tA in Figure 1). 
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Figure 4: NFD for historical + evacuation demand and modified network (between tA and tP in Figure 1). 
4. Conclusions 
The paper presented an application of Network Fundamental Diagram (NFD) for the case of evacuation of 
population from a portion of urban area by means of motorized modes due to an approaching calamitous event. In 
the above context, the transportation system moves from ordinary conditions, where travel demand and network 
performances have fluctuations due to expected perturbations not so far from average conditions, to emergency 
conditions, where both travel demand (e.g. evacuees who want to escape and reach safe areas) and network 
performances and topology (e.g. closure of road links and junctions) have relevant modifications.  
A forthcoming disaster is simulated during the morning rush hour of a working day in accordance with the 
emergency plan drawn up by the Civil Protection Department. The evacuation phases of population from the 
evacuation area are simulated by means of a dynamic traffic assignment model, previously calibrated and validated. 
Future development of the research will concern: (i) a complete integration between the network design model and 
the specification of the NFD and (ii) the analysis of sensitivity of the NFD due to changes in different choice 
dimensions of travel demand. 
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